Mitotic Spindle Asymmetry: A Wnt/PCP-Regulated Mechanism Generating Asymmetrical Division in Cortical Precursors  by Delaunay, Delphine et al.
Cell Reports
ArticleMitotic Spindle Asymmetry:
A Wnt/PCP-Regulated Mechanism Generating
Asymmetrical Division in Cortical Precursors
Delphine Delaunay,1,2 Ve´ronique Cortay,1,2 Dorothe´e Patti,1,2 Kenneth Knoblauch,1,2 and Colette Dehay1,2,*
1Stem Cell and Brain Research Institute, Institut National de la Sante´ et de la Recherche Me´dicale, U846, 18 Avenue Doyen Le´pine,
69500 Bron, France
2Universite´ de Lyon, Universite´ Lyon I, 69003 Lyon, France
*Correspondence: colette.dehay@inserm.fr
http://dx.doi.org/10.1016/j.celrep.2013.12.026
This is anopen-access article distributed under the termsof theCreativeCommonsAttribution-NonCommercial-NoDerivativeWorks License,
which permits non-commercial use, distribution, and reproduction in any medium, provided the original author and source are credited.SUMMARY
The regulation of asymmetric cell division (ACD)
during corticogenesis is incompletely understood.
We document that spindle-size asymmetry (SSA)
between the two poles occurs during corticogenesis
and parallels ACD. SSA appears at metaphase and
is maintained throughout division, and we show it
is necessary for proper neurogenesis. Imaging of
spindle behavior and division outcome reveals that
neurons preferentially arise from the larger-spindle
pole. Mechanistically, SSA magnitude is controlled
by Wnt7a and Vangl2, both members of the Wnt/
planar cell polarity (PCP)-signaling pathway, and
relayed to the cell cortex by P-ERM proteins. In vivo,
Vangl2 and P-ERM downregulation promotes early
cell-cycle exit and prevents the proper generation
of late-born neurons. Thus, SSA is a core component
of ACD that is conserved in invertebrates and verte-
brates andplays a key role in the tight spatiotemporal
control of self-renewal and differentiation during
mammalian corticogenesis.
INTRODUCTION
Asymmetric cell division (ACD), a process whereby a cell divides
to produce two dissimilar daughter cells, is a crucial mechanism
ensuring the generation of cellular diversity (Go¨nczy, 2008). ACD
and the spatiotemporal control of precursor self-renewal and
differentiation are at the heart of proper cerebral-cortex histo-
genesis (Betizeau et al., 2013; Dehay and Kennedy, 2007).
The increase in neuron production and the proliferative
behavior of precursors point to ACD constituting a progressively
predominant division mode during corticogenesis (Mione et al.,
1997; Rakic, 1995). Retroviral-labeling experiments and chimeric
embryos show that neuronal clones span several cortical layers,
pointing to repeated ACD of apical precursors (APs) of the ven-
tricular zone (VZ) (Kornack and Rakic, 1995; Mione et al., 1997).
This has been confirmed by ex vivo observations where radial400 Cell Reports 6, 400–414, January 30, 2014 ª2014 The Authorsglia cells (RGCs) are seen todivide asymmetrically in order to pro-
duce aneuron andaRGC (Miyata et al., 2001;Noctor et al., 2002).
The increasing prevalence of ACD during corticogenesis (Noctor
et al., 2004) points to the existence of an underlying regulatory
mechanism controlling this aspect of cell division.
ACD has been extensively studied in the Drosophila neural
lineage (Knoblich, 2008). In this system, ACD regulation is mainly
achieved by the polarization of the progenitor along its apico-
basal axis and the asymmetric segregation and basal locali-
zation of cell-fate determinants within the differentiating cell.
Although some polarity proteins have been demonstrated as
essential for the maintenance of proper neurogenesis in the
cerebral cortex (Costa et al., 2008; Rasin et al., 2007), they do
not invariably influence ACD and therefore fail to account for
the genesis of cell diversity (Konno et al., 2008). The plane of
cell division is an ACD-related mechanism that has received
much attention. Depending on the axis (horizontal or vertical)
of the dividing progenitor with respect to the apical membrane,
it has been proposed that the resulting daughter cells will have
different or identical fates, respectively (Chenn and McConnell,
1995; Gauthier-Fisher et al., 2009). However, the occurrence
of truly horizontal divisions in the VZ has been questioned by
early studies and its impact on cell fate determination has
been challenged (Konno et al., 2008; Morin et al., 2007).
Thus, the mechanisms that control ACD in the cortex remain
elusive. In invertebrates, asymmetrical spindle morphology is a
core component of ACD (Betschinger and Knoblich, 2004).
Here, we show that mitotic spindle-size asymmetry (SSA)
constitutes a yet unreported division-control mechanism in the
cortical VZ. SSA constitutes a conserved core component of
ACD and serves as a key player in the tight spatiotemporal con-
trol of the balance between cortical precursor self-renewal and
differentiation, essential for the proper establishment of cortex
cytoarchitecture.
RESULTS
SSA in Apical Precursors Parallels the Occurrence of
ACD in the Developing Cortex
We first assessed SSA during corticogenesis in situ by
comparing the size of the two spindle poles in APs of the VZ
at different developmental stages. a-tubulin and pericentrin
immunochemistry were used to label microtubules and centro-
somes, thereby making it possible to visualize the spindle
apparatus and accurately measure its dimensions. To avoid
bias due to the division axis, we restricted our in situ analysis
to metaphase cells exhibiting equal-sized centrosomes. For
each cell, a SSA index (DELTA) was derived from the volume
difference between the two spindle poles. The large pole was
arbitrarily denominated as the left and the smaller pole as the
right side (Figure 1A). Confocal sections of metaphase cells
were imaged at 0.2 mm–0.6 mm intervals from the top to the
bottom of the cell (back to back; Figures S1A and S1B). The
volume corresponding to each spindle pole was measured in
3D (see Experimental Procedures; Figures 1B, 1C, and S1C).
This procedure made it possible to reliably determine spindle-
pole symmetry independently of intercell variability in spindle
volume (Figures 1B and 1C; Movie S1 and S2). We analyzed
the in situ volume differences between the left and the
right spindle at stages E11.5, E13, E14.5, and E16.5, which
are known to be characterized by increasing rates of ACD
(Estivill-Torrus et al., 2002; Go¨tz and Huttner, 2005; Takahashi
et al., 1996). The SSA index distribution at different ages was
assessed with a folded-normal distribution to describe the
absolute value of the difference between the two spindle
poles (i.e., the SSA magnitude). At all developmental stages,
a minute baseline difference in SSA can be detected (Fig-
ure 1D). At early stages (E11.5), metaphase cells exhibit a
quasisymmetrical spindle and are characterized by minimal
SSA values. At midcorticogenesis (E14.5), overall SSA values
as well as the proportions of metaphase cells presenting high
SSA show significant increases prior to decreasing at E16.5
(Figures 1D and 1E).
The statistical significance of SSA changes during corticogen-
esis was assessed with a nonparametric permutation test (Efron
and Tibshirani, 1993; Figure 1F). Under the permutation hypoth-
esis, we assumed that the left/right spindle differences are
distributed identically across ages, so that randomly permuting
the labels of the ages across the data set will not on average
change observed differences. Initially, we computed the differ-
ences of the mean or the log SD and referred to these values
as the observed differences between groups. Then, we
randomly permuted the group membership labels between
the control stage (E11.5, where SSA is observed to be minimal)
and the other age groups and recomputed the differences
on the permuted data set. This step was repeated 10,000
times and the observed differences compared to the histogram
of permuted differences (Figure 1F). This analysis reveals a
significant shift in SSA magnitude at E14.5 compared to earlier
stages.
Next, using dissociated cortical precursors at closely spaced
time intervals (E10, E11.5, E13, E14.5, and E16.5), we proceeded
to investigate whether the SSA variation during corticogenesis is
maintained in vitro (Figures S1D–S1F). Permutation tests imple-
mented on the volume measurements of the spindles showed
that the proportion of metaphase precursors presenting high
SSA values increases significantly from E10 to E14.5 and de-
creases moderately after E16.5 (Figures S1D–S1F), as observed
in vivo.CFinally, we explored SSA dynamics by employing high-
resolution real-time imaging. Using two-photon microscopy,
we recorded dynamic changes of spindles during mitosis in
precursors expressing enhanced GFP (EGFP)-a-tubulin after
electroporation in E14.5 cortical slices. In thewild-type (WT) con-
dition, we observed pronounced SSA in metaphase (Figures 1G
and 1H; Movie S3). Notably, SSA is not restricted to metaphase
and is clearly maintained in the later stages of mitosis, during
anaphase and telophase. Because of spindle rotation, we
computed the SSA values at several time points during mitosis
and found them consistently different between symmetric and
asymmetric divisions (Figure 1I). In WT conditions, in 80% of
cases (n = 10), the large spindle occupies the apical (lower)
position just prior to anaphase (Figure 1J).
These data demonstrate that VZ precursors exhibit SSA that
is maintained during all stages of mitosis, reminiscent of what
is observed in invertebrates (Kaltschmidt et al., 2000). In both
in vivo and in vitro conditions, themagnitude of SSA is character-
istic of a given developmental stage and correlates with the
observed time course of ACD peaking at midcorticogenesis
(Estivill-Torrus et al., 2002; Go¨tz and Huttner, 2005; Takahashi
et al., 1996).
SSA of APs Is under Extrinsic Wnt Control
Wnt signaling molecules regulate SSA in invertebrates (Sugioka
et al., 2011). In order to examine if SSA in the cortex is also
controlled by Wnts, we compared SSA in pEGFP-electropo-
rated E14.5 cortical progenitors grown for 48 hr in the presence
or absence of Wnt7a and Wnt3a (Figures 2A–2F). In the
absence of Wnt7a and Wnt3a, metaphase cells exhibit baseline
SSA values (Figures 2A, 2B, and 2I). Addition of Wnt7a to the
culture medium results in a drastic reduction of SSA (Figures
2E, 2F, 2H, and 2I). Conversely, Wnt3a addition increases the
variance of the SSA without affecting the global mean (Figures
2C, 2D, 2G, and 2I). Thus, Wnt7a and Wnt3a appear to exert
different effects on the magnitude of the SSA, pointing to
a potential role of the planar cell polarity (PCP) pathway (Le
Grand et al., 2009).
Vangl2 Is Essential to Prevent SSA
Because Wnt7a is known to promote the PCP pathway, we
next investigated whether the observed Wnt7a effect on SSA
is mediated through Vangl2 and/or Frizzled, two core PCP
members (Wang and Nathans, 2007). We first examined
Vangl2 expression in vivo at E14.5 when SSA reaches
maximum values. At this stage, Vangl2 is expressed in the
VZ and absent from the subventricular zone (SVZ) (Figures
3A, S2A, and S2B). Using a specific antibody (Montcouquiol
et al., 2006) and a fusion construct (EGFPVangl2) electropo-
rated at E14, we observed differential expression of Vangl2
in APs at all stages of mitosis. During prophase, Vangl2 is uni-
formly expressed at the cell cortex and both in vitro and in vivo
is localized unilaterally and apically during metaphase (Figures
3B and 3C).
To assess the function of Vangl2 on SSA, we downregulated
its expression ex vivo via electroporation of a Vangl2RNAi
construct (Figures 3D–3F). VZ cells were dissociated just after
electroporation and analyzed 1.5 days in vitro (DIV) later. Theell Reports 6, 400–414, January 30, 2014 ª2014 The Authors 401
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Figure 1. SSA Occurs during Cortical Development and Parallels ACD Kinetics
(A) Schematic representation of symmetric and asymmetric metaphase cells: red, left spindle; blue, right spindle. When the spindles are asymmetric, the left-
spindle volume is significantly larger than the right one (arbitrarily considered, see text for details). The centrosomes are represented by dark red dots. The volume
of each spindle part is computed from the 3D reconstruction of a-tubulin staining. SSA is defined as the volume difference between the left and the right spindle (D)
and is expressed as a percentage.
(legend continued on next page)
402 Cell Reports 6, 400–414, January 30, 2014 ª2014 The Authors
effects of Vangl2RNAi, its specific scramble RNAi (control), as
well as the Vangl2 rescue constructs were assessed by both
western blot (Figure 3D) and immunostaining (Figures 3E
and 3F). The magnitude of the SSA was analyzed on cultured
APs using 3D reconstructions. After 1.5 DIV, SSA was observed
to drastically increase in precursors downregulating Vangl2
(Figures 3G and 3H). In the absence of Vangl2, most of the meta-
phase cells display a massive SSA (Figure 3I). This phenotype
was rescued by expression of a Vangl2 rescue construct (Fig-
ures 3G–3I), confirming the specific action of Vangl2 on the
SSA. Analysis of Lp/Lp precursors from the Looptail mouse—a
Vangl2 mutant (Stein and Rudix, 1953; Figures S2C–S2E)—
showed a drastic increase in SSA from WT to Lp/lp, consoli-
dating the effect of Vangl2 loss on SSA. By contrast, overexpres-
sion of Frizzled3 via a fusion construct (Fz3-EGFP; Figures 3G
and 3I) only marginally increased the SSA variance but did not
significantly affect the mean (Figures 3H and 3I). These results
indicate that PCP signaling controls spindle formation through
the specific action of Vangl2. Because Vangl2 is necessary for
proper symmetric-spindle formation andmaintenance, it thereby
plays a key role during APs division.
Next, we confirmed the effect of Vangl2 overexpression and
downregulation on SSA ex vivo, using high-resolution imaging
of fluorescent-tagged spindle components in E14.5 precursors.
Twenty-four hours after in vivo clonal electroporation, APs were
imaged under two-photon microscopy and the SSA magnitude
was computed using 3D volume measurements (Figures 3J and
3K). Vangl2misregulation via the Lp construct overexpression re-
sulted in a significant SSA increase (Figures 3J, 3L, and 3M)
whereas upregulation of Vangl2 resulted in a significant SSA
reduction (Figures3K–3M).Toassess the impactofVangl2 invivo,
weanalyzed theSSA in theLooptailmouse (FigureS2). SSA levels
inWT and Lp/Lp precursors were compared in vivo, at E11.5 and
E14.5 (Figures S2F–S2J). In E11.5 Lp/Lpprecursors, SSA is dras-
tically increased compared to controls (Figure S2G). A similar in-
crease in the magnitude of the SSA of Lp/Lp precursors is
observed at E14.5, suggesting that Vangl2 loss leads to an in-
crease in SSA values (Figures S2I and S2J), in agreement with
the above in vitro and ex vivo results (Figures 3G–3M).(B and C) Examples of a symmetric (B) and an asymmetric metaphase (C) observ
panel, the centrosomes are revealed with pericentrin (red), the tubules with a-tubu
to stack projections. The lower panel illustrates the 3D reconstruction of the symm
right (smallest) spindle in blue. Note the important difference between the two s
D = 36.86 for the asymmetric cell).
(D) Distribution of the size difference between the two sides of the spindle at differ
normal distribution. The number of cells presenting a high SSA increases from E
(E) Box plot of the SSA distribution at each stage. The boxes represent the distr
(F) The significance of the SSA variation with respect to stage E11.5 was asses
nificance: p < 0.05 (see the Experimental Procedures and Supplemental Experime
The red bar represents the displacement of the population distribution compare
(G and H) SSA was confirmed by ex vivo live imaging on organotypic slices
EGFP-a-tubulin construct and their morphology imaged throughout cell division.
representations.
(G) Example of a symmetric metaphase and anaphase (see Movie S3).
(H) Example of an asymmetric metaphase and anaphase. The difference in spind
(I) Boxplot of the SSA distribution in symmetric and asymmetric divisions.
(J) Illustration of large- and small-spindle orientation in asymmetric dividing WT A
spindle is orientated apically, toward the ventricle.
The scale bars represent 12 mm, 14 mm, 11 mm (3D), and 9 mm (3D; B); 8 mm, 14 mm
CIn order to examine the consequences of Vangl2 disruption
on spindle dynamics during mitosis, we determined the orienta-
tion of the large spindle just prior to anaphase with respect
to the ventricular border in Lp APs using real-time imaging.
Surprisingly, compared to controls (Figure 1J), we observed
an inverted pattern: in the vast majority of precursors (83.3%;
n = 12) the large spindle was observed to be orientated basally
(Figure 3N).
Altogether, these in vitro, ex vivo, and in vivo data demon-
strate that the absence of Vangl2 creates a drastic in-
crease in SSA, indicating that Vangl2 function is essential to
prevent SSA.
P-ERM Acts Downstream of Wnt7a and Vangl2 to
Maintain Spindle Symmetry in APs
Ezrin, radixin, and moesin (ERM) proteins are key players in cell
division and induce spindle-shape changes inDrosophila (Kunda
et al., 2008). ERM proteins act as scaffolding proteins able to
tether actin filaments to the cell membrane when phosphory-
lated at a specific threonin residue (Figure 4A). Hypothesizing
that ERM could link the actin cytoskeleton to a membranous
PDZ containing receptor like Vangl2, we analyzed the expression
of the P-ERM in dividing cells. In dissociated APs, P-ERM
showed a high level of expression during division, especially dur-
ing metaphase, thereby forming a ring-like structure in the cell
cortex (Figures 4B and 4C). Following moesin downregulation
using moesin RNAi, most of the P-ERM ring-like expression dis-
appeared, indicating that P-moesin is the main ERM component
in APs (data not shown). The effect of moesin downregulation on
SSAwas then tested via RNAi electroporation at E14 (Figure 4D),
subsequent to the validation of the moesin RNAi and rescue
efficiency by western blot (Figure 4E). After 1.5 DIV, moesin
loss created a drastic increase in SSA in electroporated APs (Fig-
ures 4D, 4F, and 4G). This effect was abolished upon the moesin
rescue construct addition, confirming the specific effect of
moesin on SSA. Moreover, we observed a negative correlation
between SSA magnitude and the P-ERM level: a high P-ERM
expression level was associated with low SSA values, whereas
lack of P-ERM increased SSA values (Figure S3C).ed in situ, at E16.5. Spindles are revealed by an a-tubulin staining. In the upper
lin (green), and the nuclei with DAPI (blue). Black and white panels correspond
etric and asymmetric spindles. The left (larger) spindle is colored in red and the
pindle volumes in the asymmetric cell (D = 2.03 for the symmetric cell versus
ent stages: y axis, cell frequency; x axis, D. The red curve represents the folded
11.5 to E14.5 and slowly reverts back at E16.5.
ibution of 25%–75% of the data. The black line indicates the median.
sed for each stage using the nonparametric permutation test. Statistical sig-
ntal Procedures for details). At E14.5, the mean difference is highly significant.
d to the control. ns, not significant.
at E14.5 using biphoton microscopy. The spindles were labeled using an
Representative metaphases and anaphases are shown together with their 3D
le size (D) is indicated for each time point.
Ps, just before anaphase. In 80% of asymmetric divisions (n = 10), the larger
, 8 mm (3D), 8 mm (3D; C); and 15 mm and 12 mm (G and H). See also Figure S1.
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Figure 2. SSA Is Influenced by Wnts
VZ precursors were electroporated ex-vivo with a pEGFP construct at E14.5 and maintained in vitro for 2 days, during which they were exposed to a constant
concentration of Wnts.
(A, C, and E) Typical metaphase cells observed for each medium: BSA (control; A), Wnt3a (C), and Wnt7a (E). GFP (green), a-tubulin (red), and DAPI (blue).
(B, D, and F) 3D representation for each condition. After 2 days of Wnt7a stimulation, the SSA appears drastically reduced.
(G and H) Statistical analysis of the SSA variation under each condition using the nonparametric permutation test. Statistical significance: p < 0.05.
(G) Wnt3a stimulation does not affect the mean SSA magnitude, although it increases the SSA variance.
(H) Conversely, Wnt7a drastically reduces the SSA magnitude.
(I) Box plot of the SSA distribution under each condition. Note the intense decrease in SSA caused by Wnt7a stimulation.
The scale bars represent 10 mm (A, C, and E) and 7 mm (B, D, and F).The magnitude of the SSA increase was similar following
P-moesin and Vangl2 downregulation (Figures 3H and 4F). We
therefore examined whether the level of P-moesin was affected
by Vangl2 expression. In vitro, P-moesin expression encoun-
tered a 50% reduction compared to control conditions, when
measured in metaphase cells 1.5 DIV after Vangl2 loss of func-
tion (LOF) (Figures 4H–4J). Similar reductions were observed
in vivo (Figures 4K and 4L). Thus, the presence of Vangl2 is
essential to maintain normal P-ERM expression.
Next, todeterminewhetherWntscould influenceP-ERM levels,
we quantified the level of P-ERM inmetaphase cells cultured with
Wnt3a or Wnt7a (Figures S3A and S3B). We observed a drastic
increase in P-ERM level in the presence of Wnt7a compared to
control (BSA) or Wnt3a-supplemented medium (Figures S3A
and S3B). Similar to their effect on SSA, Wnt7a and Wnt3a had
contrasting effects on P-ERM expression level (Figures S3B and404 Cell Reports 6, 400–414, January 30, 2014 ª2014 The AuthorsS3C). Altogether, we found that both Vangl2 andWnt7a positively
influence the P-ERM level and that P-moesin is essential for the
maintenance of spindle symmetry in APs.
Vangl2 Downregulation Alters Progenitors Mode of
Division, Independently of Plane of Division
We investigated the impact of Vangl2 expression on the prolifer-
ative behavior of cortical precursors at the population level
in vivo. Vangl2 downregulation resulted in a reduction of the pro-
portion of Pax6+ precursors (Figures 5A–5E). A smaller reduction
in Tbr2+ precursors was also observed both in the VZ and the
SVZ (Figures 5F–5L). This was accompanied by a 50% reduction
of the ratio of SVZ cells/GFP VZ (Figure 5M). Next, we examined
the proportion of cycling precursors in the VZ and SVZ 3 days af-
ter in utero electroporation of the Vangl2 RNAi. Ki67+ expression
analysis (Pilaz et al., 2009) in the GFP+ population showed that
(legend on next page)
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the proportion of cycling VZ progenitors was significantly
reduced after Vangl2 downregulation (Figures 5N and 5O), indi-
cating that Vangl2 downregulation promotes cell-cycle exit
in APs and therefore is predicted to reduce the numbers of pro-
liferative divisions (Figure 5P).
We explored the consequences of Vangl2 downregulation on
the mode of division, using the in vitro paired-cell assay, which
tracks daughter cell fate. Electroporated APs were dissociated
from E14 cortex, plated at clonal density, cultured for 36 hr
(Qian et al., 2000), and stained with nestin and TuJ1 antibodies
in order to distinguish cycling precursors and neuronal progeny
(Figure S3D). Each pair of daughter cells was scored as resulting
from symmetric proliferative progenitor/progenitor (P/P), asym-
metric differentiative progenitor/neuron (P/N), and symmetric
differentiative neuron/neuron divisions. The loss of Vangl2
significantly increased the proportion of P/N divisions while
decreasing the proportion of P/P divisions (Figure S3E).
In order to assess directly the consequences of Vangl2
up- and downregulation on the mode of AP division, we imple-
mented an in-depth ex vivo clonal analysis of the progeny of
individual precursors using biphotonic videomicroscopy. Em-
bryonic cortices were electroporated at E14 with a mixture of
pCX-Cre, pFloxpA-GFP, and Vangl2/Lp/ or a control construct.
Four hours after electroporation, brain slices were prepared for
live imaging, starting the following morning. So as to unambigu-
ously assess daughter cell fate (progenitor or neuron), clonal
observations were performed over 72 hr (Figure 6A). The fate
of individual daughter cells was determined on the basis of their
behavior and location. Following mitosis, the newly formed
AP remains in the VZ where it undergoes at least one round of
division. The newly generated basal progenitor leaves the VZ
to reach the SVZ where it divides (within 17 hr on average and
in less than 25 hr). The newborn neurons leave the VZ, reach
the SVZ (where they do not divide for 25 hr), or radially migrate
to the cortical plate (CP).Figure 3. Loss of Vangl2 Leads to a Drastic Increase in SSA
(A) Vangl2 expression on E14.5 coronal sections.
(B) Vangl2 expression during APmitosis in vivo. Vangl2 is homogeneously express
distributed to the latero/apical part of the cell during metaphase (white arrows). Th
and nestin [red] in lower panels).
(C) Endogenous Vangl2 expression during cell division in dissociated cultures. Van
(white arrowhead). It is not expressed in the quarter of the membrane, close to o
(D–F) Efficiency of the Vangl2 RNAi and the Vangl2 rescue constructs. At prote
transfected human embryonic kidney (HEK) cells after RNAi treatment (D). Conv
(E and F) after 1.5 DIV and Vangl2 was drastically downregulated in metaphase ce
shown by the confocal quantification of Vangl2 immunofluorescence (F).
(G) The effect of Vangl2 and Fz3 overexpression on SSAwas assessed on dissocia
arrowhead, right side).
(H) Quantification of the SSA using the nonparametric permutation test; statistical
and the amplitude of the SSA, and its effect can be rescued (Vangl2rescue). Fz3
(I) Box plot showing SSA variation in each condition.
(J and K) Live-imaging analysis of Vangl2 dysregulation (Lp construct) and overex
at E13, with an EGFPa-tubulin fusion protein. Spindle size was imaged during APs
expression (J) and Vangl2 expression (K) are presented in both stack projection
(L) Statistical significance of SSA variations of the Lp and Vangl2 constructs com
(M) Box plot of SSA variation; the control condition corresponds to the WT situa
(N) Illustration of large- and small-spindle orientation in asymmetric-dividing Lp A
spindle is basally orientated.
The scale bars represent 130 mm (A), 13 mm (B and C), 12 mm (E), 5 mm (G), and
406 Cell Reports 6, 400–414, January 30, 2014 ª2014 The AuthorsIn a first step, we monitored the clonal progeny of individual
APs in order to assess the frequency of symmetric or asymmetric
divisions. We observed an increase in the proportion of asym-
metric divisions in the Lp condition and a decrease after Vangl2
overexpression (Figure 6B).
In a second step, we implemented a detailed analysis of
the clonal progeny, according to daughter cell fate (Figure 6C).
Out of the 172 clones that were examined, we retained 138
where the fate of each daughter cell could be unambiguously
determined. Lp expression increased the proportion of asym-
metric divisions (AP+N). Compared to Lp conditions, Vangl2
overexpression leads to a decrease in the proportions of
asymmetric divisions (Figure 6C). WT conditions return inter-
mediate values of (AP+N) asymmetric divisions, in agreement
with observations shown in Figures 3L and 3M and data from
Figure 6B.
In order to explore cellular events underlying changes in the
mode of division, we determined the identity of the upper and
lower daughter cells in AP+N divisions (Figure 6D). The daughter
cell closest to the ventricle was denominated ‘‘lower cell’’ and
the one located basally ‘‘upper cell.’’ We observed that, in
92% (±2.44) of cases, in the WT condition, the lower cell was
a neuron and the upper cell a new cycling AP (Figures 6E and
S4A; Movie S4), in agreement with previous observations (Sun
et al., 2005). By contrast, when Lp was overexpressed, most of
the divisions (71% ± 8.35%) exhibited a reverse orientation:
the upper cell corresponded to a neuron and the lower cell an
AP (Figures 6E and S4B; Movie S5).
Importantly, we observed that this change in the identity of the
apical and basal daughter cells is associated with a consistent
change in the apical and basal location of the large and small
spindle (Figures 1J and 3N). In other words, the large spindle is
correlated with neuron generation, whereas the small spindle is
correlated with AP generation (Figure 6F) independently of the
upper or lower position of the daughter cell (Figure 6F).ed around the cell cortex (white asterisk) during prophase and is asymmetrically
is distribution was confirmed using the EGFPVangl2 fusion protein (GFP [green]
gl2 expression (green) is observed in most of the cell cortex during metaphase
ne of the spindle poles (white arrow).
in level, Vangl2 expression is drastically reduced in native or Vangl2 EGFP-
ersely, Vangl2 expression is maintained after addition of the rescue construct
lls transfected with Vangl2 RNAi compared to the control-scrambled RNAi, as
ted VZ cells after ex vivo electroporation at E14 (white arrowhead, left side; gray
significance: p < 0.05. Loss of Vangl2 significantly increases both the variance
induces a shallow effect on the size of the spindle.
pression impact on SSA. In utero coelectroporation of a Lp or Vangl2 construct
division on organotypic slices at E14. Typical metaphases encountered after Lp
and after 3D reconstruction.
pared to the WT situation using the permutation test (p < 0.05).
tion.
Ps, just before anaphase. In 83% of the asymmetric divisions, the left (large)
15 mm (J and K); 3D representation is equal to 15 mm. See also Figure S2.
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Figure 4. P-ERM Expression Is Necessary to Maintain Spindle Symmetry
(A) Scheme of the moesin protein, a member of the ERM family. ERM proteins act as adaptors between the plasma membrane and the cytoskeleton and were
recently demonstrated as essential to maintain proper epidermal cell divisions (Luxenburg et al., 2011), which makes them good candidates as SSA effectors.
These proteins possess two domains: the C-terminal FERM domain that links microtubules, actin, myosin II, and other scaffolding proteins and a N-terminal
C-ERMAD domain that binds membrane proteins and especially PDZ proteins containing domains. P-ERMs are active when phosphorylated (on threonine 558
for moesin), which allows their opening.
(B) P-ERMs (red) are highly expressed in E14-cultured dividing cortical progenitors where they surround the cell cortex.
(C) Moesin-EGFP fusion protein expression in dividing cells. Note the high correlation between the GFP and the P-ERM expression indicating that moesin is the
principal component of the cortical P-ERM.
(legend continued on next page)
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Given the well-studied link between the mode of division and
the plane of division, the change in the relative position of the
daughter cells could be due to a change in plane-of-division
orientation. We thus examined the consequences of Vangl2
downregulation on the plane of division of individual APs in vivo
in both Vangl2RNAi acutely electroporated brains and the
Looptail mouse. Importantly, neither the Lp/Lp mutant nor the
Vangl2 LOF revealed a significant change in the orientation of
the plane of division at either E11.5 or E14.5 (Figures S5A–
S5G). These results point to the SSA and the change in division
plane being two independent processes with respect to mode
of division. To further explore this unexpected absence of cor-
relation between SSA and plane of division, we examined the
effect of a dominant negative form of LGN (LGNDc) overexpres-
sion on SSA. LGN is a mammalian homolog of the Drosophila
protein Pins, which is involved in asymmetric cell division (Morin
et al., 2007), and its loss of function has been reported to
randomize the plane of division (Konno et al., 2008). Electropo-
ration of a LGNDc construct at E14 resulted in a dramatic
randomization of the plane of division (Figure S5G), as previ-
ously reported (Konno et al., 2008; Morin et al., 2007). Overex-
pression of LGNDc did not significantly affect SSA (Figures S5H
and S5I). Whereas Vangl2 barely affects plane of division, it
drastically impacts on SSA. Conversely, LGN downregulation
results in a high randomization of the division plane but only in
a mild increase in SSA.
Vangl2 Is Required In Vivo for the Generation of
Late-Born Neurons
We investigated the long-term effects of Vangl2 downregulation
at P3 following electroporation at E14. In contrast with the con-
trol condition, where GFP neurons were observed in the upper
part of the CP, the Vangl2 LOF-electroporated cells were mostly
absent from the outer CP and very few Cux1+ neurons were
present (Cux1 labels neurons in supragranular layers 2, 3,
and 4; Figures 7A–7D). This effect on Cux1+ neurons was
reverted when a Vangl2 rescue construct was added (Figures
7E and 7F). The progeny of the Vangl2 LOF precursors occupied
the lower part of the CP (Figure 7G), and only a few Vangl2 LOF
neurons were observed above layer 5, identified by Ctip2
expression (Leid et al., 2004; Figures 7H and 7I). In agreement
with the depletion of the late precursor pool (Figure 5O), these
results indicate a decrease of late-born neurons generation.
This is further supported by observations showing a drastic
reduction in the late-born neuron population in the Looptail
mouse cortex (Figure S6).(D) After 2 days in culture, moesin downregulation drastically increases SSA in m
(E) Moesin downregulation in HEK cells after moesin RNAi/moesin-dsRed coel
symmetric stage.
(F) Quantification of the increase in SSA after moesin downregulation using the p
(G) Box-plot representation of the effect of the moesin RNAi on the SSA. This eff
(H–J) Negative effect of Vangl2 downregulation on the P-ERM level.
(H and I) P-ERM expression (red) is drastically reduced in metaphase precursors
(J) Confocal quantification of P-ERM immunolabeling shows that the P-ERM leve
(K and L) In vivo analysis: 2 days after Vangl2RNAi in utero electroporation, the l
The scale bars represent 20 mm (B), 12 mm (C), 20 mm and 10 mm (3D; D),
Figure S3.
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APs In Vivo and Impairs Supragranular-Layer Production
Our in vitro results point to P-moesin being a major player in the
maintenance of spindle symmetry. We then asked whether
P-moesin could affect neurogenesis in vivo. We examined the
expression of P-ERM in the VZ. At E11.5, P-ERM was highly
and selectively expressed in VZ-dividing cells (Figures S7A and
S7B) where the P-ERM was mostly localized apico-basally (Fig-
ure S7B). At E14.5, the P-ERM expression level decreased in
VZ-dividing precursors (Figures S7C–S7E). Thin cryostat sec-
tions revealed the subcellular distribution of the P-ERM, which
appears as a discrete and focused expression from prophase
to anaphase with a global apico-basal localization (Figures
S7F–S7M). The effect of moesin downregulation was tested by
in utero electroporation of two independent RNAis (Figures
S7N and S7O; data not shown) at E13.5. After 72 hr, moesin
RNAi resulted in a 50% reduction of GFP+ cells in the electropo-
rated region compared to control (Figures S7N and S7O; data
not shown). All the moesin LOF GFP+ precursors have migrated
out of the VZ and the SVZ (Figure S7O), indicating precocious
cell cycle (Figure S7N). We used Ctip2 as a marker of the
infragranular-layer neurons. Quantification revealed that the
percentage of GFP+-expressing Ctip2+ cells, located in the inner
part of the CP, was 40% higher after moesin downregulation
(Figure S7P), suggesting that the moesin LOF neurons take on
the infragranular phenotype, as do their normal counterparts at
this stage. We verified the specificity of moesin action by
rescuing its effect in vivo. At P3, the addition of a moesin rescue
construct corrected the effect of moesin downregulation and
the neurons location in the CP was similar to the WT condition
(Figure S7Q). Altogether, these results confirm the essential
role of moesin for normal APs proliferation.
DISCUSSION
Our exploration of the mechanisms underlying ACD in cortical
progenitors demonstrates that APs in the VZ present SSA.
High-resolution real-time imaging shows that the dynamics of
SSA is comparable to what has been observed in invertebrates.
Specifically, SSA occurs during metaphase and anaphase and is
maintained during telophase, thereby providing a physical basis
for asymmetric distribution of determinants necessary for ACD
(Kaltschmidt et al., 2000; Xie et al., 2013). Clonal analysis
showed that individual precursors displaying high SSA undergo
high rates of ACD characterized by an increase in neurogenic
(AP+N) divisions. Moreover, the data revealed a strong linketaphase cells and its effect can be rescued (moesin rescue construct).
ectroporation. When using a rescue construct, the spindle reverts back to a
ermutation test (cf. Figure 3H).
ect is cancelled by the addition of a moesin rescue construct.
expressing Vangl2RNAi compared to control.
l is reduced by half in metaphase cells after Vangl2 downregulation.
evel of P-ERM in dividing progenitors is drastically reduced in vivo.
15 and 7 mm for moesin rescue (H), 12 mm (I), and 10 mm (K). See also
A B
F G H I
C D
E
J
N
K
L M
O P
Figure 5. Vangl2 Downregulation Induces Precocious Cell-Cycle Exit
(A–D) Vangl2 downregulation affects the number of Pax6+ cells in vivo. Embryos were electroporated at E13.5 and the cortex analyzed 3 days later.
(A and B) Compared to the scramble control RNAi, there is a reduction of Pax6 expression in the VZ precursors after Vangl2RNAi electroporation (C and D).
(A) and (C) correspond to high magnification of (B) and (D), respectively (white boxes).
(E) Reduction of the percentage of GFP+Pax6+/GFP+ VZ precursors after Vangl2 downregulation (white circle and red arrowheads in [A] and [C]).
(F–L) The percentage of Tbr2-expressing cells decreases when Vangl2 is downregulated. (F–K) Tbr2 staining in the VZ and SVZ after electroporation of Vangl2
RNAi (H, I, and K) or scramble RNAi (F, G, and J). (L) The percentage of GFP+Tbr2+/GFP+ precursors decreases after Vangl2 downregulation.
(M) After Vangl2 downregulation, the number of SVZ cells is reduced by half, as indicated by the decrease in the SVZ/VZ ratio.
(N) Ki67 staining of the cortices electroporated with the scramble control RNAi and the Vangl2 RNAi: GFP+/Ki67+, white arrowheads; GFP+/Ki67, blue
arrowheads.
(O) Reduction in the percentage of GFP+Ki67+/GFP+ cells after Vangl2 downregulation.
(P) Summary of Vangl2 downregulation effect on VZ progenitors. Upon Vangl2 downregulation, the number of Pax6+ cells (red) decreases aswell as the number of
SVZ intermediate progenitors cells.
The scale bars represent 9.5 mm (A and C), 27 mm (B and D), 13 mm (F, G, H, and I), 7 mm (J), 8 mm (K), and 16 mm (N). See also Figure S3.
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Figure 6. In Vivo Clonal Analysis Shows that Precursors Downregulating Vangl2 Undergo Higher Proportions of Neurogenic Divisions and
Change Their Mode of Division
(A) Lp and Vangl2 effect on the cell progeny was assessed using ex vivo clonal analysis after in utero electroporation. Cells were electroporated at E14 with a
mixture of a flox GFP construct, a pCAG-CRE, and the plasmid of interest; organotypic slices were prepared 1 day later and imaged over a 3-day period. The
division of each clone was followed and the behavior and fate of the daughter cells monitored.
(B) Percentage of symmetric versus asymmetric division for WT, Lp, and Vangl2 conditions. Clones demonstrating a fate difference between the two sibling
daughters were considered as asymmetric. Divisions giving rise to similar daughter cells were classified as symmetric. Sixty-four WT clones were analyzed, 73
Lp, and 25 Vangl2 (more than three independent experiments for each condition). The hypothesis of equality across the three conditions of the symmetric and
asymmetric proportions was tested using a generalized linear model (binomial family) and rejected (chi^2_2 = 6.42; p = 0.04).
(C) Type of divisions performed by AP cell in WT (control), Lp, or Vangl2-overexpressing cells. The clones are classified based on the fate of the daughter cells
(AP, apical progenitor; BP, basal progenitor; N, neuron). After 3 days, the Lp construct drastically increases the number of AP+N (neurogenic asymmetric) type of
division. Number of clones analyzed: WT: 56, Lp: 60, Vangl2: 22.
(D) The identity and birth position of the daughter cells with respect to the VZ were analyzed in all the AP divisions (AP: AP+N division; upper cell, green; lower cell,
orange).
(E) An inverted relationship between cell fate and position (lower [l] or upper [u]) right after division was observed between Lp and WT precursors. In the WT
situation, the upper cells predominantly give rise to the AP whereas the lower daughter gives the neuron. Upon Lp expression, the upper cell gives rise to the
neuron and the lower to the AP (see also Figure S5). The relationship between cell fate and position is maintained after Vangl2 overexpression. Number of clones
analyzed: WT: 45, Lp: 41, Vangl2: 17.
(F) Summary cartoon of the relationship between the left (larger) spindle and the fate of the daughter cell. Although their birthplace is inverted, in both WT and Lp
divisions, the neuron is generated by the daughter cell that possesses the larger (left) spindle. See also Figures S4 and S5.between the size of the spindle and the fate of the daughter cell.
In the vast majority of cases (WT and Lp), the daughter cell
issued from the larger spindle gives rise to a neuron whereas
the smaller-spindle daughter gives rise to a progenitor. This is
in agreement with previous in vitro live-imaging results (Sun
et al., 2005) as well as with reports showing an increase in cell
size of precursors as neurogenesis proceeds (Delaunay et al.,
2008). These results show that the relationship between spindle
size and daughter cell fate, previously established in inverte-
brates, is also operant in corticogenesis. Taken together, these
data demonstrate a direct link between SSA and ACD and point
to SSA being a core component of ACD in corticogenesis.
Although asymmetric spindle positioning has been recognized
for over a century (Go¨nczy, 2008; Wilson, 1896), the underlying
mechanisms are not elucidated. In the Drosophila neuroblast,
the asymmetric distribution of polarity proteins has been demon-410 Cell Reports 6, 400–414, January 30, 2014 ª2014 The Authorsstrated to be an essential mechanism to allow proper SSA (Cai
et al., 2003; Kitajima et al., 2010). In the C. elegans blastomere,
the analysis of the dynamics of astral microtubules at the cell
cortex has led to the proposal that the spindle asymmetry is
generated by pulling forces on the microtubules, exerted by
molecular motors that are anchored at the cortex (Grill et al.,
2003; Kitajima et al., 2010). This argues in favor of the spindle
asymmetry being an active process, independent of the me-
chanical deformation of microtubules induced by their contact
with the cell boundary. Computational modeling predicts that
an intrinsically symmetric mitotic microtubule cytoskeleton
may spontaneously adopt asymmetric conformations (Maly,
2012). This study shows that, in view of the stochastic assembly
of microtubules, an exact symmetry of the spindle is impossible
and concludes that spindle asymmetry corresponds to the
‘‘default’’ state whereas symmetry requires active maintenance.
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Figure 7. Vangl2 Downregulation Affects the Birth of Late-Born Neurons
Vangl2 RNAi, a control construct (scramble), or Vangl2 RNAi and Vangl2 rescue construct were electroporated in utero at E14 and the brain analyzed at P3.
(A and B) When the scramble construct is electroporated, the GFP+ cells populate both the infra and the supragranular layers.
(legend continued on next page)
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Consistent with these conclusions, we failed to observe exact
spindle symmetry and all cortical precursors exhibit a baseline
SSA. We also show that the loss of Wnt7a, Vangl2, and the
P-ERM induce a drastic increase in the SSAmagnitude. In agree-
ment with the above model, this suggests that spindle symmetry
is actively sustained and that, in the absence of the major
players, the cell undergoes SSA by default.
SSA has been described as a core component of ACD in inver-
tebrate CNS. Our data provide a description of the existence of
SSA in cycling APs of the developing neocortex. Our study span-
ning key stages of corticogenesis shows that the SSA of APs is
developmentally regulated: it increases from E11.5 to E14.5
and decreases at E16.5. This time course correlates with that
of changes in rates of ACD as described in numerous studies
at the population level (Cai et al., 2003; Estivill-Torrus et al.,
2002; Go¨tz and Huttner, 2005; Takahashi et al., 1996).
In Drosophila, spindle asymmetry has been shown to drive
ACD (Kaltschmidt et al., 2000). Although the magnitude of SSA
in cortical precursors appears smaller than that measured in
Drosophila neuroblasts (Kaltschmidt et al., 2000), our study pro-
vides converging evidence pointing to SSA playing a key role in
ACD during corticogenesis. Clonal observations showed that, in
the vast majority of neurogenic divisions, the neuron is issued
from the large half-spindle, indicating that the spindle size is a
determinant of cell fate in the developing vertebrate cortex. How-
ever, our results point to vertebrate/invertebrate differences:
whereas the large spindle daughter generates the self-renewing
neuroblast in Drosophila, it generates the differentiating progeny
(neuron) in the mouse VZ. Of note, the large spindle generates a
neuron even when orientated basally in the mouse, a situation
not observed in Drosophila where seminal studies have demon-
strated the necessity for apical proteins to be correctly distrib-
uted to maintain asymmetric division (Caussinus and Gonzalez,
2005; Lee et al., 2006; Wang and Nathans, 2007). Together,
these considerations suggest that ACD in the mammalian cortex
might be independent of precursor polarity.
The mechanisms underlying ACD during corticogenesis are
still unresolved. Although the orientation of the plane of division
is indicative of whether cell division will be asymmetric or sym-
metric in many systems, it is not clear to what extent spindle
orientation and cell-fate determination are correlated in the
developing cortex. Although early studies failed to report a signif-
icant change in plane of divisions in APs (Landrieu and Goffinet,
1979), a host of subsequent studies (Chenn and McConnell,
1995) argued in favor of a link between the change in plane of
division and ACD. Vertical divisions of APs have been reported
to correspond to symmetric division whereas horizontal divisions
correspond to ACD (Haydar et al., 2003; Martin, 1967). Manipu-
lation of gene and protein level expression demonstrated a
strong correlation between the change in the division plane(C and D) After Vangl2 downregulation, GFP+ cells were sparser and failed to popu
after Vangl2 downregulation indicates an impaired production of supragranular l
(E and F) When Vangl2 effect is rescued, Cux1+/GFP+ are found again.
(G) Quantification of the number of GFP+ cells populating the lower and upper CP
were found in the lower CP, few of them being observed in the upper CP.
(H and I) The number of Ctip2+ neurons (corresponding to subcortically projecting
The scale bars represent 60 mm (A–F) and 50 mm (H and I). See also Figure S6.
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et al., 2009; Godin et al., 2010; Yingling et al., 2008). However,
the link between the plane of division and the fate of the daughter
cells has been challenged by studies showing that the low fre-
quency of truly horizontal plane of division does not correlate
with the numbers of neurons generated (Konno et al., 2008). Pro-
moting horizontal division via LGN blockage does not neces-
sarily change the fate of the daughter cells (Konno et al., 2008;
Morin et al., 2007). Our data confirm a lack of positive correlation
between SSA and the change in plane of division. Further,
Vangl2 downregulation promotes a drastic increase in the SSA
without affecting the plane of division. Hence, whereas the orien-
tation of the mitotic spindle varies between species and overall
sometimes fails to determine symmetric or asymmetric divisions,
SSA appears to represent an alternative and highly conserved
mechanism that sustains ACD in the developing cortex.
Aside from the discovery of the SSA, this study uncovers the
expression and role of the ERM proteins in the cortical neuroepi-
thelium. ERM proteins have been described as scaffolding mol-
ecules serving to tether actin filaments to the cell membrane
when phosphorylated at a specific threonin residue (Tsukita
et al., 1997). The action of moesin on cell division and cortical
stiffness has been studied in Drosophila S2 cells where it has
been shown to be essential to stabilize spindle positioning (Car-
reno et al., 2008; Roubinet et al., 2011). We found that moesin
was the higher-expressed member of the ERM proteins and
was specifically activated in dividing VZ progenitors. Moesin
expression was similar to that in Drosophila S2 cells and was
seen to surround the cell cortex during prophase and progres-
sively restricted apico-basally. Furthermore, we found that the
absence of moesin leads to a drastic increase in SSA, subse-
quently resulting in an impaired genesis of late born neurons.
Altogether, our results reveal a conserved process by which
the P-ERM is essential to ensure cortical stabilization, normal
spindle positioning, and ultimately, proper progenitor division.
Although SSA had been identified as a core component of
ACD in invertebrate CNS, the mechanisms by which it promotes
the formation of two different daughter cells are still elusive. The
study by Sugioka and colleagues provides a partial answer. They
showed that Wnts regulate the SSA inC. elegans ethyl methane-
sulfonate cells by modulating spindle structures and inducing
asymmetric nuclear b-catenin localization, which is responsible
for the adoption of different fate in the two daughter cells
(Sugioka et al., 2011). Experimental manipulation of spindle
asymmetry by laser irradiation altered the asymmetric nuclear
b-catenin localization, suggesting a mechanism in which the
nuclear localization of proteins is regulated through the modula-
tion of the spindle structures. b-catenin has been reported to
be amajor regulator of the balance between proliferation and dif-
ferentiation of cortical precursors (Mutch et al., 2009). Loss oflate the upper layers of the cortical plate (CP). The lack of Cux1+/GFP+ neurons
ayers (Cux1 labels layer IV to layer II neurons [Nieto et al., 2004]).
. When compared to the control construct, the majority of GFP+/Vangl2 cells
layer 5 neurons [Leid et al., 2004]) did not increase after Vangl2 downregulation.
b-catenin causes radial glial precursors to prematurely differ-
entiate into intermediate progenitors, leading to a loss in late-
neuron production (Munji et al., 2011). By analogy with the
results in C. elegans (Sugioka et al., 2011), one could hypothe-
size that the SSA in APs impacts on the distribution of nuclear
b-catenin in daughter cells. In regards of the SSA independence
toward apico-basal polarity, the change in the distribution of a
nonmembranous protein could very well be an explanation.
Altogether, our results point to SSA being a conserved mech-
anism that plays a significant role in ACD during mammalian cor-
ticogenesis. This mechanism provides a significant increase in
our understanding of the complex factors that are at the root of
progenitor diversity in the neocortex.
EXPERIMENTAL PROCEDURES
Surgical procedures and animal experimentation are in accordance with
European requirements 2010/63/UE and have been approved by the Animal
Care and Use Committee CELYNE (protocol C2EA42-12-11-0402-003).
Ex Vivo Clonal Analysis
Embryos were electroporated in utero with a mix of pCx-CRE (0,0002 mg/ml),
pfloxA-GFP (0.5 mg/ml), and either LpFlag construct, Vangl2Flag, or a
pCDNA3myctag (control; 1 mg/ml). Embryonic brains were harvested 5 hr later,
and 200 mm slices were prepared. The following morning, slices were imaged
every 30 min for a 3-day period under an inverted biphoton microscope. Three
independent experiments were performed for each construct and 64 (WT), 73
(Lp), and 25 (Vangl2) clones were followed. To ensure the position of the lower
and upper cell and be certain of the cell daughter fate (i.e., a cell is qualified as
neuronwhen it does not divide within 25 hr), we restricted our data to 56 clones
(WT), 60 (Lp), and 22 (Vangl2).
Microtubules Shape Measurement
Spindle shape was quantified in vitro and in vivo: Serial sections of metaphase
cells were acquired from 0.2 mm to 0.6 mm intervals from the top to the bottom
of the cells in order to measure the entire spindle apparatus. For each spindle
side, the volume was measured in 3D with an Image J plugin and was
computed as the percentage of the total spindle volume. For each electropo-
rated construct, data were acquired from at least four independent experi-
ments. Amira software was used to provide 3D illustrations.
Statistical Analysis
In estimating the spindle asymmetry, we calculate the percentage difference
in areas of the two sides. Statistically, there is no a priori criterion for assign-
ing one to the left or right, so we examine the magnitude of the difference.
This results in a folding of negative differences onto the positive axis, result-
ing in a folded distribution. Initially, we fit the differences for each condition
with a folded normal distribution using the function vglm in the package
VGAM (Yee, 2010) in the Open Source software R (R Development Core
Team, 2012) to estimate the means and SDs of the underlying unfolded
distributions. To evaluate the fits, we plot the estimated best-fit-folded
normal density, scaled to frequency by the number of cases and the bin
width, on the histogram of magnitudes of left/right differences in spindle
volume.
In most cases, the fit was reasonable, but in a few extreme cases, the
data clearly deviated from themodel. A permutation test was performed (Efron
and Tibshirani, 1993) as a nonparametric alternative to assess differences
between control and experimental conditions. For a given experiment, the
labels of each group were randomly permuted 10,000 times, and for each per-
mutation, the differences in mean from the control condition were calculated.
The p value is given by the proportion of differences with magnitude greater
than or equal to that of the magnitude of the observed difference.
The Fisher’s exact test was used for data involving proportions of small
number of data points. p < 0.05 was considered statistically significant.CSUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and five movies and can be found with this article at http://dx.
doi.org/10.1016/j.celrep.2013.12.026.
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